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Introduction
is often suggested as a polishing step but for the process to be economically feasible, either the 47 adsorbent needs to be extremely cheap or be reusable (Li et al. 2016 , Loganathan et al. 2014 ). Effective 48 reusability means the adsorbent can be regenerated and used again for several cycles without 49 diminishing its adsorption capacity. The reusability of the adsorbent via regeneration also enables 50 phosphate recovery and contributes to a circular economy. 51
Many studies focus on producing phosphate adsorbents with high adsorption capacity but fewer studies 52 touch on the reusability aspect (Li et al. 2016 ). An adsorbent's performance can decrease over time due 53 to multiple reasons. These include incomplete desorption of adsorbate, surface precipitation, loss of 54 active sites due to adsorbent wear and tear and changes in adsorbent properties like surface area, 55 M A N U S C R I P T 
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Adsorption and regeneration experiments 108
For the adsorption experiments, the wastewater effluent was pumped to the adsorbent columns in an 109 upflow mode with a flowrate of 2 ml/min. This gave an empty bed contact time (EBCT) of 5 minutes. The 110 treated solution from the outlet of the column was collected in an automated fraction collector every 3 111 to 5 hours. These were analyzed for phosphate and the adsorption process was stopped when the outlet 112 phosphate concentration reached 0.1 mg P/L. 113 Adsorbent regeneration was done in different ways. The first method, designated as alkaline-acid 114 regeneration, used an alkaline solution followed by an acidic solution. The second method, designated 115 as acid-alkaline regeneration, used acidic solution followed by alkaline solution. In both these methods, 116 the acid wash was done till the pH coming out of the column matched the initial pH of the acid solution. 117
Moreover the pH in the adsorbent column was neutralized with distilled water or HCl solution of pH 4 118 prior to subsequent adsorption cycles. Finally, in another method, the adsorbent was regenerated only 119 with alkaline solution and the pH in the adsorbent column was not neutralized prior to subsequent 120 adsorption cycles. Table 1 summarizes the different regeneration methods used. For all methods, 3  121 adsorption and regeneration cycles were done. The GEH and FSP adsorbent particle sizes were varied to 122 check the influence on the adsorption capacity, whereas the IEX was only available in the size range of 123 0.25 to 0.325 mm. The rationale for varying the acid wash conditions in different regeneration cycles 124 was to improve the reusability. The terms alkaline desorption and acid wash are used in the text to Dissolved organic carbon and inorganic carbon (carbonate ion) were measured using combustion 134 catalytic oxidation method with TOC analyzer (Shimadzu, TOC-L CPH). Table 2 shows the composition of 135 the wastewater effluent used. 136 The types of iron oxide in the adsorbents were determined using Mössbauer spectroscopy. Transmission 140 57 Fe Mössbauer spectra were collected at different temperatures with conventional constant 141 acceleration and sinusoidal velocity spectrometers using a 57 Co (Rh) source. Velocity calibration was 142 carried out using an α-Fe foil. The Mössbauer spectra were fitted using the Mosswinn 4.0 program. 143
For determining the surface area of the adsorbents, nitrogen adsorption and desorption cycles were 144 carried out using Micromeritics TriStar 3000. The data from the nitrogen adsorption-desorption profiles 145
were fitted with models included in the analysis software to obtain the pore area from Non Local 146 Density Functional Theory (NLDFT) (Cracknell et al. 1995) . 147
The elemental composition of the adsorbents was quantitatively measured by microwave digestion with 148 67 % HNO 3 . The elemental distribution on the adsorbent surface was monitored using scanning electron 149 microscope coupled energy dispersive X-Ray (SEM-EDX). The imaging was done using a JEOL JSM-6480 150 M A N U S C R I P T
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precipitates on the adsorbent was determined using Raman Spectroscopy (LabRam HR Raman 153 spectrometer). 154
Point of zero charge (PZC) of the adsorbents was determined by using the salt addition method 155 (Mahmood et al. 2011) ; 0.2 g of adsorbents (particle size < 0.35 mm) were added to aqueous solutions 156 of 0.1 M NaNO 3 with initial pH varying from 4 to 11. The NaNO 3 solution was bubbled with N 2 gas prior 157 to the adsorbent addition, and the experiment was conducted in a glovebox with N 2 atmosphere to 158 avoid effect of carbon dioxide on the pH. The adsorbents were allowed to mix for 48 hours and the final 159 pH was measured. The difference in initial and final pH was plotted against the initial pH values and the 160 PZC was defined by the pH where the difference in pH was zero. Table 3 shows the characteristics of the 161 adsorbents used. 162 Moreover, the reusability of GEH was also affected significantly during these 3 cycles. The adsorption 194 capacity for GEH dropped by 50 % by the 3 rd cycle, whereas for FSP the adsorption capacity dropped by 195 about 7 %.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

13
To improve the reusability of the adsorbents, the regeneration order was reversed by first doing an acid 197 wash followed by alkaline desorption as suggested elsewhere (Kunaschk et al. 2015) . To improve the 198 adsorption capacity of the adsorbents, GEH and FSP were grinded to a particle size of 0.25 to 0.325 mm, 199 which was the similar to the particle size of the IEX adsorbent. (table S1) . 207 GEH and FSP are porous adsorbents where the measured surface area is related to micropores (< 2 nm) 208 and mesopores (2 to 50 nm) (as per the NLDFT method) (Cracknell et al. 1995) . Thereby grinding them in 209 the mm range does not change their overall area. Porous adsorbents offer the advantage of high surface 210 area even in granular form, thereby allowing for easier handling and operation. However, the porousM A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
14 nature of such adsorbents implies that the adsorption is limited by diffusion. Thereby, under non-212 equilibrium conditions, decreasing their particle size increases the phosphate adsorption even though 213 their surface area stays the same (fig 1 and fig 2) . This shows the need to consider the accessibility of the 214 pores properties while designing such adsorbents, especially for operations with short contact times. 215
The reusability of the GEH and FSP adsorbents were also enhanced for the smaller particle sizes. The 216 decrease in adsorption capacity of GEH for the 2 nd and 3 rd cycles in figure 2 was less than the decrease 217 area could lead to a loss of active sites which would thus affect the adsorbent reusability. Table 4 shows 236 the overall change in adsorbent surface area along with the change in adsorption capacity for cycle 1 237 and cycle 3 (raw data in table S1 in supporting information). 238 Table 4 : Overall change in surface area (between 1 st and 3 rd cycles) for adsorbents regenerated using the 239 alkaline-acid and acid-alkaline methods. The + and -signs imply increase or decrease. In general, except for FSP regenerated using the acid-alkaline method, the change in surface area did 242 not show a correlation with the change in adsorption capacity. This implies that the adsorbent 243 reusability is also affected by other parameters. 244
Effect of the type of iron oxide in the adsorbent
246
Phosphate adsorption happens on iron oxides via a ligand exchange mechanism with the surface 247 hydroxyl groups (Parfitt et al. 1975 ). The change in the crystallinity/type of iron oxide during 248 regeneration will lead to exposure of differing types and amount of surface hydroxyl groups which in organics from the wastewater can also influence the crystallinity of the adsorbents (Schwertmann et al. 254 1984) . 255
To measure if the type of iron oxide changes during the adsorbent usage, the adsorbents were 256 measured with Mössbauer spectroscopy in their unused states and used state (after 3 adsorption 257 cycles). During these cycles the adsorbents were regenerated using the acid-alkaline method which 258 involved acid wash at pH 2.5 and alkaline desorption at pH 14. Table 5 shows the Mössbauer fitted 259 parameters for the different adsorbents. 260 For instance GEH does not undergo significant changes in its composition before and after adsorption. It 270 must be noted that GEH has previously been reported as akaganeite when analyzed using X-ray 271 diffraction (XRD) (Kolbe et al. 2011 ). But XRD detects only the crystalline part of the adsorbent whereas 272
Mossbauer spectroscopy can detect even the amorphous/nanocrystalline iron oxides making it a more 273 suitable method. 274
For FSP even though the iron oxide phase is ferrihydrite in both the used and unused samples, there is a 275 change in the hyperfine field. The unused FSP has a hyperfine field that is lower than the usual value for 276 ferrihydrite (Murad 1988, Murad; and Schwertmann 1980) . It could be that the FSP transformed from an 277 adsorbent having a highly disordered to a more ordered ferrihydrite species. Usually the surface area is 278 higher for more amorphous iron oxides (Borggaard 2006) . However in this case the used FSP, i.e. theM A N U S C R I P T
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of the used FSP increased by more than 56 % compared to the unused FSP. This could be the reason for 281 the increased adsorption capacity of the FSP after regeneration by the acid-alkaline method. But this 282 increase in surface area need not have been due to the transformation of iron oxide species but rather 283 due to the removal of surface precipitates as will be discussed later. 284
For IEX, the content of ferrihydrite decreased and the overall content of goethite/hematite increased by 285 10 %. This higher transformation of the iron oxide phase in the IEX compared to GEH and FSP could be 286 due to the nature of iron distribution in the adsorbent. FSP and GEH are bulk iron oxides, whereas IEX is 287 a resin impregnated with iron oxide nanoparticles. This means that the iron oxide particles in IEX have a 288
higher surface area to volume ratio. Thus the fraction of the total iron oxide that is accessible to 289 phosphate adsorption will be much higher in the IEX as compared to FSP and GEH. Hence, even if the 290 active sites in all the adsorbents underwent similar transformation during regeneration, the overall 291 change in iron oxide phase will be higher for the IEX. Goethite and hematite have lower phosphate 292 adsorption per unit area compared to ferrihydrite . So it is possible that this 293 transformation in the IEX contributes to decrease in its reusability. However the decrease in ferrihydrite 294 content is only 11 % whereas the decrease in adsorption capacity is about 60 %. Thus it can be 295 understood that transformation of the iron oxides alone is not affecting the reusability. 296
Effect of competing ions 297 298
To make the adsorbent reusable, it is necessary to regenerate the adsorbent properly, whereby the 299 adsorbate molecules are desorbed, and the active sites are replenished. The phosphate adsorption 300 experiments with 1 to 1.25 mm sized GEH and FSP granules were used to optimize the adsorption and 301 regeneration procedure. Apart from phosphate, different competing ions were monitored duringM A N U S C R I P T
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included in a mass balance while using adsorbents with particle size 0.25 to 0.325 mm. These included 304 calcium, organic carbon, inorganic carbon, silicon. 305
Values of the mass balance for the 0.25 to 0.325 mm sized adsorbents are shown in table S2 in the 306 supporting information. The mass balances could not be closed in several cases. For e.g. for GEH, the 307 silicon released during regeneration was always lower than the amount adsorbed, and for IEX, the 308 dissolved organic carbon released was always lower than amount adsorbed (shown in fig S4) . 309
Calcium was monitored since it can form surface precipitates (Kunaschk et al. 2015) . The release of 310 calcium from the different adsorbents regenerated using the acid-alkaline regeneration is shown in fig  311   S4 . For GEH, the calcium release was less than 50 % in cycle 1. Thus the acid wash was switched from a 312 pH of 4 to pH of 2.5 for cycles 2 and 3, based on the earlier protocol (Kunaschk et al. 2015). This 313 improved the calcium release significantly amounting to 98 and 88 % for cycles 2 and 3. Iron 314 concentration was monitored in the acid wash to check if the adsorbent was leaching iron. Even using a 315 pH as low as 2.5, the amount of iron released per cycle for all the adsorbents was less than 0.01 % of the 316 adsorbent mass packed in the column. For FSP, the calcium release during cycle 1 and 2 was higher than 317 100 % since FSP by default consists of calcium (see table 3 ). For IEX, only around 20 % of calcium could 318 be released during cycles 2 and 3. 319
In this study, the alkaline desorption step was used to desorb ions like phosphate that bind with the 320 surface hydroxyl groups on the iron oxide. The acid wash step on the other hand was used to release the 321 surface precipitates. Thus the release of a competing ion in either the acid wash step or during alkaline 322 desorption gives information about its mechanism of binding on the adsorbent. 323 there is no formation of calcium phosphate precipitate and these ions bind via different mechanisms. 333
A majority of the inorganic carbon, which at this pH would represent (bi)carbonate ions, was released 334 during alkaline desorption. While it is possible that carbonate ions can sometimes adsorb via ligand 335 exchange on iron oxides (Chunming Su and Suarez 1997), it was expected that in this case carbonate 336 forms surface precipitates with calcium. But in these experiments the acid wash was done in an open 337 system. Therefore, if there were carbonate ions that were released during the acid wash, they would 338 have mostly escaped as carbon dioxide (Hey et al. 1994 ).
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Soluble silicon was about equally released in acid wash as well as in alkaline desorption. Silicon present 340 as orthosilicates can bind as innersphere complexes that would be desorbed during alkaline desorption, 341 but could also form calcium silicate based precipitates that would dissolve in the acid wash ( Fig 4 (c) shows that the 365 acid washed FSP (using acid-alkaline regeneration) has no calcium left and thus the surface precipitates 366 are removed via acid wash. This was confirmed by Raman spectroscopy where the FSP regenerated 367 without acid wash showed Raman shift characteristics of calcium carbonate (shown in fig S6) .
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This result is in line with the observations in fig 3 and fig S5 that the calcium was released exclusively via 369 the acid wash and hence must be present in the form of surface precipitates. While calcium carbonate 370 was the only precipitate that was observable, some silicon was also released during the acid wash (fig 3) , 371
indicating the possibility of calcium silicate precipitates. However, the molar ratio of inorganic carbon to 372 silicon present in the wastewater was more than 20 (as seen from table 2), and the solubility product for 373 calcium carbonate is lower than calcium silicate (Benjamin 2010 , Greenberg et al. 1960 ). Thus calcium 374 carbonates are likely the dominant precipitates formed on the adsorbent surface. 375
To test for the effect of calcium based surface precipitates on the adsorbent reusability, the extent of 376 calcium release from the adsorbents was correlated with the adsorption capacities. Fig 5 shows the 377 change in phosphate adsorption capacity for a given cycle compared to the calcium released from the 378 previous cycle. n+1 denotes the current cycle and n denotes the previous cycle. 379
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Fig 5:
Change in phosphate adsorption capacity for a given cycle compared to the calcium release in the 381 previous cycle (using acid-alkaline regeneration). n+1 is used to denote the current cycle and n denotes 382 the previous cycle. n = 1,2. A negative change in the phosphate adsorption capacity implies the 383 adsorbent reusability decreases whereas a positive change implies the reusability is enhanced. 384
Fig 5 includes data points from all the adsorbents regenerated using the acid-alkaline method. The data 385
points showing more than 100 % calcium release are from FSP, since it contained calcium by default. The 386 general trend observed is that the change in phosphate adsorption capacity is negative, i.e. the 387 adsorbent reusability decreases, if not all the calcium from the adsorbent is released. This agrees with 388 the reasoning that the calcium carbonate precipitates affect the adsorbent reusability and needs to be 389 removed via an acid wash. The above results show the need for an acid wash step to remove the calcium based surface 395 precipitates. As per the earlier study, having an acid wash step before alkaline desorption resulted in 396 better adsorbent reusability than the other way around (Kunaschk et al. 2015) . The explanation 397 provided in that study was that adsorbed phosphate was blocked by surface precipitates. Thus the 398 surface precipitates need to be first released before the phosphate can be released via alkaline 399 desorption (a depiction of this hypothesis is shown in fig S7) . This hypothesis was tested in our study by 400 reversing the order of regeneration and checking the extent of phosphate released during regeneration. 401
If the hypothesis is correct, then having an acid wash step after alkaline desorption should lead to a 402 lower desorption of phosphate. Fig 6 (a) and (b) show phosphate released during alkaline desorption for 403 the adsorbents used in the experiments corresponding to fig 1 and fig 2, respectively. The release 404 percentage was calculated by measuring the amount desorbed in relation to the amount adsorbed. The phosphate release from all adsorbents mostly varied between 80 to 100 % using both regeneration 411 methods. From fig 6 (a) it can be seen that FSP released more than 100 % phosphate for the 2 nd cycle. regeneration methods. Thus, we conclude the differences in reusability as seen in fig 1 and fig 2 are  415 apparently not due to blockage of adsorbed phosphate molecules as suggested in the earlier hypothesis. 416
This implies that the reason for differences in reusability for GEH and FSP between the two regeneration 417 methods (as seen in fig 1 and fig 2) was due to the differences in the acid wash steps. In the alkaline-acid 418 regeneration, a pH of 4 was used for the acid wash step. This was to make sure iron dissolution from the 419 iron oxides does not happen. In the acid-alkaline regeneration, we tried to improve the reusability by 420 having stronger acid wash conditions. This was done by first having longer exposure time with pH 4. 421
However, the calcium release from GEH was still less than 50 % (table S2 and fig S4) . Thus a stronger 422 acidic pH of 2.5 was used as suggested previously (Kunaschk et al. 2015). We noticed that no significant 423 iron was leached from the acid wash implying that the acid was consumed primarily for breaking the 424 surface precipitates. 425
Possible role of calcium adsorption
427
Although the above discussion shows that having a stronger acid wash enhances the reusability by 428 breaking the surface precipitates, it still does not explain why the surface precipitates affect the 429 adsorption capacity in the first place. It could be that the surface precipitates block the actives sites for 430 phosphate on the adsorbent. However, as seen from fig 3 and fig S5, testing GEH for adsorption of phosphonate, which binds to iron oxides in a similar mechanism as 442 phosphate, reported that phosphonate adsorption at equilibrium doubled in a solution having a Ca:P 443 molar ratio of 2 as compared to a solution without any calcium (Boels et al. 2012 ). This implies calcium 444 adsorption onto GEH could result in a favorable equilibrium shift for phosphate adsorption as well. 445 Calcium likely first physisorbs on the adsorbent surface before it forms calcium carbonate precipitates. 454
Physisorption of calcium would enhance phosphate adsorption by making the surface electropositive 455 (Antelo et al. 2015) . Studies show that significant calcium binding happens only at a pH higher than the 456 PZC of the adsorbent (Antelo et al. 2015 , Rietra et al. 2001 . At pH higher than PZC, the adsorbent 457 surface is electronegative which will enhance calcium binding. Thus if an adsorbent has lower PZC than 458 the pH of wastewater effluent, more calcium would bind to the adsorbent, which in turn would enhance 459 the P adsorption. The pH of the wastewater effluent was 7.9 and the PZC for GEH and FSP was 6.1 and 460 9.1, respectively. This could be the reason why more calcium binds to GEH in cycle 1 compared to FSP 461 (table S2 and fig S3) . Hence GEH shows a higher phosphate adsorption capacity for cycle 1 than FSP. precipitates could thus increase the PZC of the adsorbent. This would usually be more favourable for 465 phosphate adsorption since the adsorbent surface is more electropositive at a given pH. However, a 466 higher PZC would mean less calcium adsorption, which in turn would imply less phosphate adsorption. 467 PZC measurements (fig S8) supported the above speculation. FSP with calcium carbonate had a higher 468 PZC (PZC = 9.8), than the unused FSP which had some calcium (PZC = 9) and the acid-washed FSP which 469 had no calcium (PZC = 7.5). These PZC's were determined using the salt addition method which depends 470 on the pH measurements (Mahmood et al. 2011 ). This commonly use method can however have a 471
shortcoming when measuring PZC of porous materials because impurities/unwashed ions (like 472 hydroxide ions) in the pores can affect the measurement. Thus to prove/disprove this hypothesis, more 473 accurate methods like zeta potential measurements should be used to determine surface charge. 474
For IEX, the correlation with calcium is not as strong. In the case of IEX, the decrease in reusability could 475 thereby be due to multiple reasons like transformation of iron oxide phase and incomplete release of 476 adsorbed organics. The incomplete release of organics from IEX could be related to the nature of 477 regeneration. Hybrid ion exchange resins have been shown to remove anions via a combination of 478 mechanisms involving ligand exchange on the iron oxide as well as coulombic interaction on the 479 functional groups of the resin backbone (Sengupta and Pandit 2011) . This study used a combination of 480 sodium chloride (NaCl) and NaOH solutions for regeneration and reported ten successful regeneration 481 cycles. However, the adsorption was studied for solutions containing only phosphate and sulphate ions 482 unlike the wastewater effluent which also contains organics. Organics like humic acids also bind to 483 hybrid ion exchange resins via the functional groups on the resin backbone as well as the iron oxides In regeneration methods involving acid wash, the pH in the adsorbent column was neutralized after the 493 regeneration process. In some of these cases, when the alkaline desorption was the last step, more than 494 1000 bed volumes of distilled water were required to neutralize the column. To reduce the bed volume 495 needed to neutralize the pH in these cases, the distilled water was spiked with HCl solution of pH 4. 496
In practice, a regeneration method producing minimal amount of waste and consuming the least 497 chemicals should be employed. Moreover we also wanted to check if an acid wash was necessary prior 498 to every adsorption cycle. In the current experiment, after alkaline desorption, the column was rinsed 499 with 50 bed volumes of distilled water but the pH in the pores was still not neutralized. Subsequent 500 adsorption runs were performed as such. (table S3) , it was seen that amount of calcium bound to the adsorbent increased by a factor of 507 about 7 times for cycles 2 and 3 compared to cycle 1. When comparing the pH profile from the column 508 effluent with the calcium removal by the adsorbent, it was seen that the increase in calcium uptake 509 coincided with higher effluent pH ( fig S9) . 510
The increase in calcium binding is likely because the pH inside the pores of the regenerated adsorbent is 511 higher than the PZC. Thus a high amount of calcium could bind to the adsorbent in such cases, which 512 could also enhance phosphate adsorption. During such a regeneration method there is also a possibility 513 of calcium phosphate precipitation. This would happen in the initial bed volumes of the adsorption run 514 where the pH is high. Results from mass balance calculations (table S3) show that the average 515 phosphate release via alkaline desorption during this regeneration method is about 1.5 times lower than 516 regeneration methods 1 and 2. This implies that some phosphate is bound as surface precipitates andM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 32 hence this would be released only via acid wash. Thus an acid wash would probably be needed after 518 some adsorption cycles. 519
Based on our observations, we can envision 3 different strategies for adsorbent regeneration as listed in 520 table 6. 521 Table 6 : Different regeneration strategies with their advantages and disadvantages 522
Regeneration method Advantages Disadvantages
Alkaline desorption with acid wash during every cycle In our study, we have used fresh acid and alkaline solutions for every regeneration step. In practice, the 524 regenerate solutions would need to be reused to make the process more cost effective. We noticed that 525 more than 250 bed volumes of acid wash solution of pH 2.5 were consumed while regenerating the FSP 526 adsorbent. This would thus be attributed to waste generated during the regeneration process unless the 527 solution can be reused over many cycles by only replenishing the acid consumed. One way to overcome 528 this problem is to prevent surface precipitation in the first place and hence prevent an acid wash step, 529 which is the 3 rd type of regeneration strategy we highlight in table 6. To prevent/minimize surface 530 precipitation, the mechanism of calcium binding needs to be understood better. Understanding this 531 mechanism could help modify adsorbent properties such that calcium binding could be moderated. This 532 can be used to enhance phosphate adsorption due to co adsorption of calcium but minimize surface 533 precipitation to lower acid consumption. For e.g. changing the adsorbent surface charge could be a 534 strategy to moderate calcium binding. 
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• Adsorbent reusability was affected due to surface precipitation • Calcium carbonate was the main surface precipitate • Acidic treatment step was required to remove surface precipitates • Phosphate adsorption improved during co-adsorption of calcium • Adsorbent surface charge could play an important role to enhance reusability
